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Control surfacesAbstract Non-similar solutions are found numerically to a system of coupled non-linear partial
differential equations indicating, unsteady laminar water boundary layer ﬂow over yawed cylinder
using implicit ﬁnite difference scheme along with Quasi-linearization technique. The ﬂuid properties
such as viscosity and Prandtl number are considered as an inverse function of temperature.
Unsteadiness is caused by upstream velocity in and directions and non-uniform mass transfer (suc-
tion/injection) which is applied through slot on the surface of the geometry. The effect of yaw angle,
variable ﬂuid properties and non-uniform mass transfer on skin friction and heat transfer coefﬁ-
cients is analyzed. It is found that non-uniform slot suction and downstream movement of the slot
cause the point of vanishing skin friction moves downstream, but non-uniform slot injection pro-
duces the opposite result of that corresponding to the suction case. When the yaw angle increases,
both the skin friction coefﬁcient in the – direction and the heat transfer coefﬁcient decrease but the
skin friction coefﬁcient in the – direction increases for all times. The effect of the yaw angle is very
little on the point of vanishing skin friction.
 2014 Production and hosting by Elsevier B.V. on behalf of Ain Shams University.1. Introduction
Flow past yawed or unyawed bluff bodies are extensively
encountered in engineering applications, such as cable suspen-
sion bridges, overhead cables, tow cables, chimney stacks,towers, offshore structures, subsea pipelines, and risers. Study-
ing complex ﬂow phenomena around a yawed cylindrical cable
and reducing drag force and suppressing ﬂuctuations in lift
force are vital problems in engineering design. A number of
investigators discussed the ﬂow past a yawed cylinder by
experimentally given in [1–3] and by numerically shown in
[4]. Experimental results described that the force coefﬁcients
which are normalized by the velocity component perpendicular
to the cylinder, are about independent on the yaw angle. This
is often called the independence principle or the cosine law in
the literature.
A detailed study of the literature about laminar ﬂow past a
yawed inﬁnite circular cylinder with the assumption of
1200 G. Revathi et al.constant ﬂuid properties is given in [5–7]. In the work of
Vasantha and Nath [5], self-similar solutions have been
obtained for an unsteady compressible three-dimensional stag-
nation point boundary layer ﬂow. For practical problems with
temperature difference between the surface and the ambient
ﬂuid, the ﬂuid properties such as viscosity and Prandtl number
change undoubtedly and this inﬂuences the variation in veloc-
ity and thermal ﬁelds in the ﬂuid ﬂow. Under circumstances
where large or moderate temperature gradients exist across
the ﬂuid medium, the assumption of constant ﬂuid properties
could cause signiﬁcant errors. For example, the viscosity of
water decreases by about and Prandtl number of water
decreases by about respectively, when the temperature
increases from 10 Cðl ¼ 1:307ðg 102 cm1 s1Þ; Pr ¼ 9:45Þ
to 50 Cðl ¼ 0:547ðg 102 cm1 s1Þ; Pr ¼ 3:55Þ (see Table 1).
In the recent studies on laminar water boundary layer ﬂow
with variable ﬂuid properties over bluff bodies are given in
[8–10]. In the work of Pop et al. [8], the viscosity of the ﬂuid
is assumed to vary with temperature and it is demonstrated
that the assumption of constant properties may introduce
severe errors in the prediction of surface friction factor and
heat transfer rate. Non-similar solutions of unsteady ﬂows
have become important in current years in different categories
of ﬂuid mechanics and area of convective heat and mass trans-
fer. The procedure of non-similarity solution methods for
steady ﬂows along with citations of relevant publications until
1967 is given by Deway and Gross [11]. Non-similar solutions
for steady laminar boundary-layer ﬂow over yawed cylinder
with variable physical properties including heat and mass
transfer have been obtained for compressible ﬂuid by Roy
[10] and for incompressible ﬂuid by Roy and Saikrishnan
[12]. But in unsteady ﬂows the inclusion of time variable cre-
ates complexity in obtaining non-similar solutions from the
starting point of the stream-wise co-ordinate to the point
where skin friction vanishes. In the present analysis the
upstream velocity in x and z directions is time dependent
and cause unsteadiness in the ﬂow. There is very less number
of investigations in literature for non-similar solution tech-
nique to solve unsteady boundary layer ﬂow problems com-
pare to self-similar [5] and similarity solution techniques [13].
In the work of Takhar and Nath [13], an unsteady laminar
incompressible boundary layer ﬂow of an electrically-conduct-
ing ﬂuid in the stagnation region of two-dimensional and axi-
symmetric bodies with an applied magnetic ﬁeld is considered.
It is found that the skin friction is strongly dependent on the
magnetic parameter but, the heat transfer is weakly dependent
on it, and also both skin friction and heat transfer are strongly
dependent on the mass transfer parameter. Roy et al. [14]
reported a non-similar solution an unsteady mixed convection
ﬂow over a vertical cone. So, as a step toward the developmentTable 1 Values of thermo-physical properties of water at different
Temperature
(T C)
Density (q)
(g cm3)
Speciﬁc heat (Cp)
(J 107 kg1 K1)
T
(
0 1.0028 4.2176 0
10 0.9997 4.1921 0
20 0.99821 4.1818 0
30 0.99565 4.1784 0
40 0.99222 4.1785 0
50 0.98803 4.1806 0of non-similar solution technique to solve unsteady boundary
layer ﬂow problems, the boundary layer ﬂow over yawed cyl-
inder is considered for the current investigation, which have
practical applications in Engineering. Excellent reviews of
unsteady ﬂows have been given in [15–18].
Mass transfer through a wall slot (i.e. mass transfer occurs
in a small porous section of the body surface while there is no
mass transfer in the remaining part of the body surface) into
the boundary layer strongly inﬂuences the growth of a bound-
ary layer along a surface and in particular can prevent or at
least delay separation of the viscous region. It is of interest
for various prospective applications together with thermal pro-
tections, energizing the inner portion of the boundary layer in
adverse pressure gradient and skin friction reduction on con-
trol surfaces. The effect of slot injection (suction) into laminar
compressible boundary layer over a ﬂat plate by taking the
interaction between the boundary layer and oncoming stream
have been studied by researchers in Smith and Stewartson [19],
Napolitano and Messick [20], Riley [21]. Despite uniform mass
transfer, ﬁnite discontinuities arise at the leading and trailing
edges of the slot and those can be avoided by choosing a
non-uniform mass transfer distribution along a stream-wise
slot and it has been discussed by Minkowycz et al. in [22]
where, an investigation is made for a mixed convection ﬂow
on a vertical plate, that is either non-uniformly heated or
cooled. Recently, different studies are reported the inﬂuence
of non-uniform mass transfer on steady boundary layer ﬂows
over different geometries given in [23,12,24,25]. In the recent
times the role of non-uniform mass transfer through double
slot on the surface of the yawed cylinder in the steady bound-
ary layer ﬂow has been investigated by Saikrishnan in [26].
The wide literature on non-similar solution and mass trans-
fer technique shows that the studies conﬁned only for steady
water boundary layer ﬂow with non-uniform mass transfer.
In the present analysis, an unsteady laminar water boundary
layer ﬂow over a yawed cylinder is considered. The simulta-
neous effect of non-uniform slot suction (injection) and yaw
angle is studied on unsteady water boundary layer ﬂow over
yawed cylinder. The ﬂuid considered, here, is water as it is
one of the most common working ﬂuids found in engineering
applications. Flow around ocean structures and ﬂow in indus-
trial heat exchangers are two typical examples of such ﬂows.
The accurate prediction of water boundary layer ﬂow ﬁeld
over a yawed inﬁnite circular cylinder may be useful for under-
sea applications in the design of leading edge of many sub-
merged bodies. In particular, the yawed inﬁnite cylinder
simulates approximately the leading edge of a swept-back wing
of a body of high ﬁneness ratio at an angle of attack and also
allows a basic simpliﬁcation of the complicated three-dimen-
sional boundary layer equations. Thus, a detailed analysis oftemperature [28].
hermal conductivity (k)
erg 105 cm1 s1 K1)
Viscosity (l)
(g 102 cm1 s1)
Prandtl
number (Pr)
.561 1.793 13.48
.58 1.307 9.45
.5984 1.006 7.03
.6154 0.7977 5.12
.6305 0.6532 4.32
.6435 0.547 3.55
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non-similarity into account is of practical interest where the
non-similarity may be due to the time dependent free stream
velocity or due to the surface mass transfer or due to the cur-
vature of the body or due to all the effects. Also it will be use-
ful in understanding many boundary layer problems of
practical importance for undersea applications as would arise,
for example, in cooling gas turbine blades, suppressing recircu-
lating bubbles and controlling transition and separation of the
boundary layer over submerged bodies. In the present study
non-similar solutions have been obtained for unsteady water
boundary layer ﬂows, starting from the origin of the stream-
wise co-ordinate to the point of vanishing skin friction. The
values of skin friction and heat transfer rate have been
obtained which are useful in determining the surface heat
requirements for stabilizing the laminar boundary layer ﬂow
over a yawed cylinder in water.
2. Mathematical formulation
Consider an unsteady laminar non-similar water boundary-
layer ﬂow with temperature-dependent viscosity and Prandtl
number over a yawed cylinder (see Fig. 1). Let us consider
an orthogonal curvilinear coordinate system in which x-coor-
dinate is the distance along the cylinder surface measured in
the chordwise direction from the leading edge of the stagnation
line and y is the coordinate normal to the cylinder surface and
z is the spanwise coordinate. u, v and w are velocity compo-
nents in x, y and z directions respectively. ‘h’ is the yaw angle.
Let the stream velocity (x and z direction) and mass transfer
(injection/suction) vary with the axial distance (x) along the
surface and with the time (t). The temperature difference
between the wall and the free stream is small
(0 C< T< 40 C). In spite of the variation in the both den-
sity (q) and the speciﬁc heat (cp) with temperature is by less
than 1% in the above mentioned temperature range, they are
taken as constants (see Table 1). It is considered that the
injected ﬂuid possesses the same physical properties as the
boundary-layer ﬂuid. The blowing rate of the ﬂuid is assumed
to be small and it does not affect the inviscid ﬂow at the edge
of the boundary layer. The viscosity and the Prandtl number
are assumed to vary as an inverse function of temperature
and is taken from [27] and the numerical data, utilized for
these correlations, are taken from Ref. [28].
l ¼ 1ðb1 þ b2TÞ ; Pr ¼
1
c1 þ c2T ð1Þ
where
b1 ¼ 53:41; b2 ¼ 2:43; c1 ¼ 0:068 and c2 ¼ 0:004 ð2Þ
The boundary layer equations governing the ﬂow can be
expressed as [29]
ux þ vy ¼ 0 ð3Þ
ut þ uux þ vuy ¼ ðueÞt þ ueðueÞx þ q1ðluyÞy ð4Þ
wt þ uwx þ vwy ¼ ðweÞt þ q1ðlwyÞy ð5Þ
Tt þ uTx þ vTy ¼ q1½ðl=PrÞTyy þ ðl=qcpÞ u2y þ w2y
 
ð6Þ
The initial and boundary conditions are:uðx; y; 0Þ ¼ uðx; yÞ; vðx; y; 0Þ ¼ vðx; yÞ;
wðx; y; 0Þ ¼ wðx; yÞ; Tðx; y; 0Þ ¼ Tðx; yÞ
uðx; 0; tÞ ¼ 0; vðx; 0; tÞ ¼ vwðxÞ; w x; 0; tð Þ ¼ 0;
Tðx; 0; tÞ ¼ Tw ¼ constant
uðx;1; tÞ ¼ ueðx; tÞ; wðx;1; tÞ ¼ weðx; tÞ;
Tðx;1; tÞ ¼ T1 ¼ constant: ð7Þ
R is radius of the cylinder, l is dynamic viscosity, Pr is Pra-
ndtl number, ue(x, t) is the potential ﬂow velocity at the edge of
the boundary layer, we(x, t) is the velocity at the edge of the
boundary layer in z  direction and vw(x) denotes the surface
mass transfer distribution. The coupled dimensional non-linear
partial differential equations from (4)–(6) are made dimension-
less using the following non-similarity transformation,
n ¼
Z x
0
U
u1
 
d
x
R
 
; g ¼ Re
2n
 1=2
U
u1
 
y
R
 
wðx; y; tÞ ¼ u1R 2n
Re1
 1=2
/ðtÞfðn; g; tÞ
G ¼ T T1
Tw  T1 ; u ¼
@w
@y
; v ¼  @w
@x
; w ¼ weS
t ¼ ð3=2ÞRe1ðle=qR2Þt; /ðtÞ ¼ 1þ 0:25t2; t P 0
ueðx; tÞ ¼ U/ðtÞ; u1 ¼ U1 cos h
The dimensionless governing equations are:
ðNFgÞg þ /½ fFg þ bð1 F2Þ  P Ft  /1/t ð1 FÞ
 
¼ 2n/ðFFn  fnFgÞ ð8Þ
ðNSgÞg þ /fSg  P St  ð1 SÞ/1/t
 
¼ 2n/ðFSn  fnSgÞ ð9Þ
ðNPr1GgÞg þ /fGg þNEc ðU/=u1Þ2 cos2 hF2g þ /2 sin2 hS2g
h i
 PGt ¼ 2n/ðFGn  fnGgÞ ð10Þ
with boundary conditions
Fðn; 0; tÞ ¼ 0; Sðn; 0; tÞ ¼ 0; Gðn; 0; tÞ ¼ 1 at g ¼ 0
Fðn;1; tÞ ¼ 1; Sðn;1; tÞ¼1; Gðn;1; tÞ¼0 at g ¼ g1 ð11Þ
where
N ¼ l=l1 ¼
ðb1 þ b2T1Þ
ðb1 þ b2TÞ ¼
1
ð1þ a1GÞ
Pr ¼ 1ðc1 þ c2TÞ ¼
1
ða2 þ a3GÞ
a1 ¼ b2DTwðb1 þ b2T1Þ ; a2 ¼ c1 þ c2T1; a3 ¼ c2DTw;
DTw ¼ ðTw  T1Þ; u ¼ ueF; w ¼ weS; Re ¼ qu1Rl1
v ¼  2
Re1
 1=2
u1R/ n
1=2ð fnnx þ fggxÞ þ
f
2
ﬃﬃﬃ
n
p nx
	 

;
P ¼ 3nðu1=UÞ2;
Fig. 1 Coordinate system and ﬂow model.
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f ¼
Z g
0
Fdgþ fw;
fw ¼ ð2P1Þ1=2/1
Re
2
 1=2 Z x=R
0
ðvw=u1Þdðx=RÞ: ð12Þ
Here fw is the stream function value at wall. In the present
analysis, unsteadiness and non-similarity are both due to the
external velocity at the edge of the boundary layer in x- and
z-directions, ueðx; tÞ; weðx; tÞ respectively (where x is the
dimensionless distance along the surface) and the normal com-
ponent of the velocity at the surface, vðx; tÞ. The free-stream
velocity distribution at the edge of the boundary layer for
the case of two-dimensional ﬂow over a circular cylinder can
be expressed as,
ue=u1 ¼ 2 sin x/ðtÞ; U=u1 ¼ 2 sin x; x ¼ x=R
weðx; tÞ ¼ w1/ðtÞ; w1 ¼ U1 sin h ð13Þ
The expressions for n; b; fw; P; Cf; Cf; Nu are respectively
given by,
n ¼ 2Q1; b ¼
2 cos x
Q2
; P ¼ 3
2Q2
ð14Þ
fw ¼
0; x 6 x0
A/1ð2Q1Þ1=2Cðx; x0Þ; x0 6 x 6 x0;
A/1ð2Q1Þ1=2C x0; x0
 
; xP x0;
8><
>: ð15Þ
where the function
Cðx; x0Þ ¼ 1 cosfxðx x0Þg; Q1 ¼ 1 cos x;
Q2 ¼ 1þ cos x:
here vw is taken as,
vw¼ u1
ReL
2
 1=2
Ax sin x x x0ð Þf g; x06 x6 x0
0; x6 x0 and xP x0
(
ð16Þ
n
@
@n
¼ BðxÞ @
@x
where BðxÞ ¼ tan x
2
 
; ð17ÞUsing relation (17), (13) and (14) it is convenient to write Eqs.
(8)–(10) in terms of x instead of n,
ðNFgÞg þ /½ fFg þ bð1 F2Þ  P Ft  /1/t ð1 FÞ
 
¼ 2BðxÞ/ðFFx  fxFgÞ ð18Þ
ðNSgÞg þ /fSg  P St  ð1 SÞ/1/t
 
¼ 2BðxÞ/ðFSx  fxSgÞ ð19Þ
ðNPr1GgÞg þ /fGg
þNEc ðU/=u1Þ2 cos2 hF2g þ /2 sin2 hS2g
h i
 PGt
¼ 2BðxÞ/ðFGx  fxGgÞ ð20Þ
with boundary condition,
Fðx; 0; tÞ ¼ 0; Sðx; 0; tÞ ¼ 0; Gðx; 0; tÞ ¼ 1 at g ¼ 0
Fðx;1; tÞ ¼ 1; Sðx;1; tÞ ¼ 1; Gðx;1; tÞ ¼ 0
at g ¼ g1 ð21Þ
The skin friction coefﬁcients in x- and z-direction and heat
transfer coefﬁcient can be expressed as,
CfðReÞ1=2 ¼ 4/ðcos hÞ3=2Q2Q1=21 NwðFgÞw; ð22Þ
CfðReÞ1=2 ¼ 23=2/ sin hðcos hÞ1=2 cos x
2
 
NwðSgÞw; ð23Þ
NuðReÞ1=2 ¼ 21=2ðcos hÞ1=2 cos x
2
 
ðGgÞw ð24Þ
where
Cf ¼
2 l @u
@y
h i
w
qU21
; Cf ¼
2 l @w
@y
h i
w
qU21
; Nu ¼ 
R @T
@y
 
w
Tw  T1 :3. Solution procedure
The set of non-linear coupled partial differential Eqs. (18)–(20)
with boundary conditions (21) have been linearized using
Quasilinearization technique [30]. This technique can be
viewed as a generalization of Newton–Raphson approxima-
tion technique in functional space. Now the linear system of
coupled partial differential equations is given below,
Xi1F
iþ1
gg þ Xi2Fiþ1g þ Xi3Fiþ1 þ Xi4Fiþ1x þ Xi5Giþ1g þ Xi6Giþ1
þ Xi7Fiþ1t ¼ Xi8 ð25Þ
Yi1S
iþ1
gg þ Yi2Siþ1g þ Yi3Siþ1 þ Yi4Siþ1x þ Yi5Giþ1g þ Yi6Giþ1
þ Yi7Fiþ1 þ Yi8Siþ1t ¼ Yi9 ð26Þ
Zi1G
iþ1
gg þ Zi2Giþ1g þ Zi3Giþ1 þ Zi4Giþ1x þ Zi5Siþ1g þ Zi6Fiþ1g
þ Zi7Fiþ1 þ Zi8Giþ1t ¼ Zi9 ð27Þ
With boundary condition,
Fkþ1 ¼ 0 Skþ1 ¼ 0 Gkþ1 ¼ 1 at g ¼ 0
Fkþ1 ¼ 1 Skþ1 ¼ 1 Gkþ1 ¼ 0 at g ¼ g1 ð28Þ
Where g1 is the edge of the boundary layer. The coefﬁcient
functions with iterative index i are known where the functions
with iterative index (i+ 1) are to be determined. The above
resultant system of iterative linear partial differential Eqs.
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method given in [12]. The difﬁculties arise at the starting point
of the streamwise coordinate and at the point of vanishing skin
friction are overcome by applying the implicit ﬁnite difference
scheme along with the Quasilinearization technique and an
appropriate selection of ﬁner step sizes in the streamwise direc-
tion. The unique feature of Quasi-linear implicit ﬁnite differ-
ence scheme as quadratic convergence and monotonicity has
been found superior than the built-in iteration of upwind tech-
nique or ﬁnite amplitude technique. The efﬁciency and accu-
racy of the method have been illustrated through it’s
applications to many boundary value problems in the book
by Bellman and Kalaba [30]. Finally, the obtained system of
algebraic equations forms a block tri-diagonal matrix and
which have been solved by Varga algorithm [31]. The grid sizes
Dg; Dx; Dt have been optimized and taken as Dg= 0.02, D
t* = 0.1 throughout the computation. In the x-direction,
Dx ¼ 0:01 has been used for small values of xðx 6 0:45Þ, then
it has been decreased to Dx ¼ 0:005. This value of Dx has been
used for x 6 1:15, thereafter the step size has been reduced fur-
ther, ultimately choosing a value Dx ¼ 0:0001 in the neighbor-
hood of the point of vanishing skin friction, to ensure the
convergence of the numerical solution to the exact solution.
The grid sizes have been optimized because the convergence
becomes slower when the point of vanishing skin friction in
the chord-wise direction is approached. Further reduction in
grid sizes will not affect the result up to the fourth decimal
places. The value of g1 (i.e. the edge of the boundary layer)
has been taken as 6.0. A convergence criteria based on the rel-
ative difference between the current and previous iteration val-
ues are employed. When the difference reaches less than 104,
the solution is assumed to have converged and the iterative
process is terminated. (i.e.)Fig. 2 Comparison of skin friction and velocity proﬁle with
particular case of ﬂow over cylinder for Ec= 0, h= 0, A= 0,
Tw = 18.7 C, DTw = 10.0 C, u (t*) = 1 + et*2, e= 0.25. _____
present results, \ Eswara and Nath [9].Max ðFgÞkþ1w  ðFgÞkw
 ; ðSgÞkþ1w  ðSgÞkw ;n
 ðGgÞkþ1w  ðGgÞkw
 o < 104:4. Results and discussion
Computations have been carried out for various values of time
t* (0 6 t* 6 2), yawed angle h(0 6 h 6 45) and mass transfer
parameter A(  0.1 6 A 6 0.25) on a Intel(R)core(TM)i5 CPU
digital computer system. One sample calculation (for t* = 2,
h= 30, A= 0.25) takes approximately 20 min CPU time
and the memory used to store the results is 585 KB on the
above mentioned computer system. In all numerical computa-
tions the ﬂuid properties such as viscosity and Prandtl number
are taken as an inverse function of temperature. In order to
verify the correctness of the procedure, the skin friction and
heat transfer coefﬁcients have been obtained for time t* = 0
for different mass transfer values (A= 0.1, 0, 0.25) and those
values are compared with the solutions given by Roy and Sai-
krishnan [12]. Also the values of skin friction rate and velocity
proﬁle have been compared with the already existing results of
Eswara and Nath [9] for a particular case by assuming A= 0,
h= 0, T1= 18.7, DTw = 10.0. The results are found in an
excellent agreement and the comparisons are shown in Fig. 2.
Fig. 3 represents the velocity (x, z directions) and tempera-
ture proﬁles of the ﬂuid ﬂow at different times t* = 0 and
t* = 2. It is observed that the velocity and temperature bound-
ary layer thickness decrease with suction, while injection has
opposite effect. The reason is that the low energy ﬂuid particles
in the boundary layer are removed by suction which causes the
thickness of both velocity and temperature boundary layers to0 1 2 3
0.5
1
F
0 2 4 6
0.5
1
S
0 1 2
0.5
1
η
G
0.25 A = − 0.1
0
A = −0.1, 0, 0.5
A = − 0.1
0
0.25
A = 0.25, 0, − 0.1
Fig. 3 Effect of non-uniform mass transfer (A) on velocity
proﬁles (x, z directions) and temperature proﬁle for different times
t* = 0 (- - - - - - - - -) and t* = 2 (–––––) at the point x ¼ 1:4 with
u(t*) = 1 + et*2, e= 0.25, Ec= 0, h= 30, Tw = 18.7 C,
DTw = 10.0 C, x* = 2p. Slot x0 ¼ 0:8 x0 ¼ 1:3
 
.
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Fig. 5 Effects of time (t*) and yaw angle (h) on skin friction
coefﬁcients ( directions) and heat transfer coefﬁcient at different
positions x ¼ 0:5 ( - - - - - - - ) andx ¼ 1:4 (–––––) with
u(t*) = 1 + et*2, e= 0.25, Ec= 0, A= 0, Tw = 18.7 C,
DTw = 10.0 C.
1204 G. Revathi et al.decrease. Also it is found that, unsteadiness decreases the
thickness of both velocity (x-direction) and temperature
boundary layer but, increases the thickness of velocity (z-direc-
tion) boundary layer. The reason is that, as time increases,
there is an enhancement of velocity (ue = U/(t
*)) and thus
there is a decrease in the momentum boundary layer. Similarly,
the effect of increasing values of the unsteadiness is to decrease
the temperature ﬁeld and hence, the thermal boundary layer
thickness decreases. Since the ﬂow dominates in the span-wise
direction, the boundary layer thickness increases in the span-
wise direction for increasing times.
Fig. 4 displays the effect of mass transfer
A(0.1 6 A 6 0.25) on skin friction (x and z directions) and
heat transfer coefﬁcients over the time interval [0,2]. It is
observed from the ﬁgure that, for all time t*, both skin friction
(x and z directions) and heat transfer coefﬁcients increase with
suction (A> 0), but decrease with injection (A< 0). For the
quantitative analysis, the values of CfðReÞ1=2; CfðReÞ1=2 and
Nu(Re)1/2 have been calculated at the point x ¼ 1:6, time
t* = 1 and for the yaw angle h= 30 and those values are
increasing approximately by 34.3%, 90.3% and 149.8%
respectively, with the increase in suction from A= 0 to
A= 0.25. While in the case of injection, the values of
CfðReÞ1=2; CfðReÞ1=2 and Nu(Re)1/2 have been calculated at
the point x ¼ 1:6, time t* = 1 and for the yaw angle h= 30
and those values are decreasing approximately by 20.5%,
46.8% and 80.5% respectively, with the increase in injection
fromA= 0 to A= 0.1. The physical reason is that, when
the ﬂuid near the wall is being sucked through the slot, the
ﬂuid in the boundary layer comes closer to surface. Due to
comparatively high energy particles coming closer to the sur-
face, the velocity and temperature gradients increase in the0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
2
4
6
8
C
f
(R
e)
1/
2
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0.5
1
C
f
(R
e)
1/
2
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
1
2
2.6
t*
N
u 
(R
e)
−1
/2
−0.1
A = 0.25
A = −0.1, 0, 0.25
0
A = −0.1, 0, 0.25
Fig. 4 Effects of time (t*) and mass transfer (A) on skin friction
coefﬁcients (directions) and heat transfer coefﬁcient at the point
x ¼ 1:6 with u(t*) = 1 + et*2, e= 0.25, Ec= 0, h= 30,
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.slot. The opposite result occurs in the case of injection since
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Non-similar solutions for unsteady ﬂow over a yawed cylinder with non-uniform mass transfer through a slot 1205Fig. 5 depicts the effect of yaw angle (0 6 h 6 45) on skin
friction (x, z directions) and heat transfer coefﬁcients at differ-
ent points x ¼ 0:5; 1:4 in the time interval t* [0,2]. As the yaw
angle (h) increases from h= 0 to h= 45, for the time inter-
val t* [0,2], the skin friction coefﬁcient in x-direction and heat
transfer coefﬁcient decrease whereas, skin friction coefﬁcient in
z-direction increases. The reason is that the ﬂow dominates in
the z-direction as h increases, so that the values of CfðReÞ1=2
increases, whereas the values of Cf (Re)
1/2 and Nu(Re)1/2
decreases.
Figs. 6 and 7 demonstrate the effect of the suction and injec-
tion parameter on the skin friction (x and z directions) and heat
transfer coefﬁcients, respectively when the time tP 0 for the
yaw angle h= 30. In the case of non-uniform slot suction,
the values of CfðReÞ1=2; CfðReÞ1=2 and Nu(Re)1/2 increase in
magnitude as the slot starts and attain their maximum values
in the center of the slot and decrease from their maximum val-
ues toward the trailing edge of the slot for tP 0. For the ﬁxed
yaw angle h, the skin friction increases in both the x, z direc-
tions as time increases due to loss in kinetic energy of ﬂuid par-
ticles, whereas there is not much variation in the heat transfer
coefﬁcient. In particular, in the slot, the heat transfer coefﬁcient
decreases as time increases because of continuous suction of
ﬂuid from the boundary layer. From these ﬁgures, it is also
observed that the non-uniform slot suction causes the location
of zero skin friction to move downstream, because of the low
energy ﬂuid particles in the boundary layer is removed and
behind the slot a new boundary layer forms which can over-
come a certain pressure increase and hence, the reverse ﬂow
region moves downstream as suction increases. The effect of
injection is just the opposite of the effect of suction.0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
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Fig. 7 Effect of injection (A< 0) on skinfriction coefﬁcients
(directions) and heat transfer coefﬁcient for different times t* = 0
(- - - - - - - - - - - - -) and t* = 2 (––––) with u (t*) = 1 + et*2, e= 0.25,
Ec= 0, h= 30 C, Tw = 18.7 C, DTw = 10.0 C, x* = 2p. Slot
1:25 x0 ¼ 1:75
 
.The effect of slot movement on skin friction (x, z directions)
and heat transfer coefﬁcients have been depicted in Fig. 8 at
the time t* = 2 and with the yaw angle h= 30. It is observed
that, if the slot is moved downstream, the adverse pressure gra-
dient region also moves downstream. Thus the reverse ﬂow
region can be moved downstream by imposing the non-uni-
form slot suction and also by moving the slot downstream.
5. Conclusion
The non-similar solutions for an unsteady laminar incompress-
ible water boundary layer ﬂow over a yawed cylinder with tem-
perature dependent ﬂuid properties and non-uniform mass
transfer through a slot have been obtained from the origin of
the stream wise co-ordinate to the point of vanishing skin
friction.
1. As suction increases both velocity and temperature
boundary layer thickness decreases.
2. As time increases from zero to one, the velocity (x-direc-
tion) and temperature boundary layer thickness decrease
but the velocity (z-direction) boundary layer thickness
increases.
3. For the ﬁxed yaw angle h, the skin friction increases in
both the x, z directions as time increases due to loss in
kinetic energy of ﬂuid particles, whereas there is not
much variation in the heat transfer coefﬁcient.
4. When the yaw angle increases, both skin friction coefﬁ-
cient in x-direction and heat transfer coefﬁcient decrease
but the skin friction coefﬁcient in z-direction increase for
all times.
1206 G. Revathi et al.5. Suction and the downstream movement of slot cause the
point of vanishing skin friction moves downstream.
6. Injection has opposite effect of suction.
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